Research has shown that rearing in abnormal lighting environments affects both visual behavior and retinal physiology in zebrafish larvae. These studies, however, used only constant dark and constant white light as the experimental rearing conditions. This study assessed the effects of rearing larvae in restricted spectral lighting environments on zebrafish retinal physiology. Larvae were reared in one of seven different lighting environments: cyclic white light (control group), constant blue light, constant green light, constant orange light, cyclic blue light, cyclic green light, and cyclic orange light. Assessment of retinal physiology was done using the electroretinogram (ERG). Results showed that rearing larvae in constant light conditions caused deficits in sensitivity to ultraviolet-and short-wavelength stimuli, but had little effect on sensitivity to middle-and long-wavelength stimuli. Rearing larvae in cyclic light did not cause differences in sensitivity to middle-and long-wavelength stimuli, but did cause extreme deficits in sensitivity to ultraviolet-and short-wavelength stimuli in the cyclic green and orange light-rearing conditions. Sensitivity of the cyclic blue light-rearing group was similar to the control group to stimuli of all wavelengths. The results support the notion that the light-rearing environment impacts the development of the ultraviolet-and short-wavelength cone mechanisms but has little impact on the development of the middle-and long-wavelength cone mechanisms; these effects coincide with the development of the various cone types. This study supports the notion that the zebrafish is a viable model for studying the effects of the lighting environment on visual development.
Introduction
Environmental conditions, such as the lighting environment, are necessary for proper visual development. For example, studies have shown that abnormal lighting conditions can have detrimental effects on visual development in both lower and higher vertebrates [1] . One reason for this effect upon development is that the retina is not fully mature at birth in many species, and some of the developmental process takes place while exposed to external environmental conditions.
Studies done with primates have shown that specific wavelengths of light have an effect on retinal function, even after the retina has fully developed. Harwerth and Sperling [2] exposed adolescent rhesus monkeys to intense short-, middle-, or long-wavelength light for 1-2 h a day for 6-10 consecutive days. They found a reduction in electroretinogram (ERG) sensitivity to stimuli originating from the portion of the spectrum to which the monkeys were intensively exposed. They also found a temporary reduction in sensitivity in monkeys exposed to either intense middle-or long-wavelength light. However, monkeys that were exposed to intense short-wavelength light experienced a permanent reduction in sensitivity to short-wavelength stimuli.
The effects of different abnormal lighting environments on lower vertebrates have been investigated as well. Behavioral abnormalities have been consistently found following abnormal light rearing. Constant light, as well as constant dark, have been found to adversely affect visual processing. Constant white light has been shown to have the most adverse effect on visual behavior in zebrafish. Bilotta [3] used the optomotor procedure to test visual acuity and found that larval zebrafish exposed to constant light from 0 to 6 dpf had a visual acuity below that of constant dark-reared and normal cyclic light-reared subjects. The visual acuity of larvae reared in constant dark was also below that of the subjects raised under normal conditions, although the difference was small. Saszik and Bilotta [4] found that abnormal light rearing conditions caused deficits in retinal physiology. Using the ERG to measure the responses of retinal neurons, results showed that constant rearing in white light caused a larger sensitivity reduction than constant rearing in dark, although constant darkness had a detrimental effect as well. The largest effects were found in sensitivity to the ultraviolet-and shortwavelength areas of the spectrum.
At present, there has been a relatively sparse amount of information regarding the effects of restricted light rearing on zebrafish retinal anatomy. Unfortunately, the anatomical studies with zebrafish have reported mixed results. Robinson and Dowling [5] found that the retinal anatomy of zebrafish reared in constant white light or constant darkness was similar to fish reared in normal cyclic white light. However, more recently, subtle anatomical differences have been found between zebrafish larvae reared in constant light or constant dark from 0 to 15 days postfertilization (dpf) and normally reared subjects. Lyday [6] found that abnormal lighting conditions, such as constant light and constant dark, altered zebrafish larvae overall physical development as well as some aspects of retinal development, including retinal thickness.
The main objective of the current study was to examine how restricted spectral rearing influences zebrafish visual development. Previous anatomical, physiological, and behavioral work with zebrafish has only examined the effects of abnormal exposure to white or broadband light or constant darkness and has not examined the effects of rearing zebrafish in only certain portions of the spectrum as in studies done with higher vertebrates [2] . In this study, the ERG was used to assess retinal physiological functioning of larvae exposed to different spectral rearing conditions. Some groups were reared in constant light from a narrow portion of the spectrum. Other groups were reared in cyclic lighting conditions using light with the same spectral properties as those used in the constant light conditions. Spectral sensitivity functions based on the ERG responses of these groups were compared with the functions of a group reared under normal cyclic white light to determine how restricted spectral rearing affects retinal development.
Materials and methods

Animals
Larval zebrafish (Danio rerio) bred in-house [7] served as subjects. Other than the different lighting conditions, larvae were maintained using standard procedures [8] . In all of the conditions, water temperature was kept between 28 and 30°C. On the morning of fertilization (0 dpf), fertilized eggs were siphoned from the bottom of the breeding tank and placed in the appropriate lighting condition within 45 min. Approximately 50 eggs were placed into 500-ml plastic containers and floated in a five-gallon tank inside a light-tight box. All care and procedures were approved by the university's Institutional Animal Care and Use Committee, and were in accordance with the ARVO Statement for the Use of Animals in Ophthalmic and Visual Research.
Light rearing system
For each of the spectral lighting conditions, the plastic container that contained the fertilized eggs was floated in the tank in such a manner that it was constantly situated beneath the designated lighting system. The top of the rearing containers was open so that the light from above was unimpeded. The light in all of the conditions except the control group was furnished by means of a 6 v LED lighting system (MiracleBeam, Pacoima, CA). The benefit of using LED lights is that they provide lighting within a very narrow portion of the spectrum. Each of the three systems had LED lights that emitted blue, green, or orange light with peak wavelengths of 465, 520 and 600 nm, respectively. The relative power across the spectrum of the three LED systems is shown in Figure 1b . These measurements were obtained using a spectroradiometer (Photo Research, PR-650, kindly provided by Dr. P. DeMarco). Also shown in Figure 1 are the zebrafish cone spectra used in this study ( Figure 1a ). Each lighting system was fixed directly above the plastic containers that contained the eggs/larvae. The lights were at a distance of 3 cm from the water surface and 3-10 cm from the larvae, depending on their location inside the container. The average irradiance of the light that reached the water's surface in each of the conditions was approximately 300 lW/cm 2 . For the constant light conditions, the light system was kept on for 24 h a day during experimental rearing. For the cyclic light conditions, all of the above mentioned conditions were the same, except that the lighting systems were on a timer that turned the lights on for 14 h and off for 10 h. The control group was reared in 500-ml plastic containers. These larvae were exposed to normal cyclic white light (14 h on/10 h off) located 1.4 m below fluorescent lighting (F40/D; Sylvania, Danvers, MA) with an approximate irradiance of 200 lW/cm 2 . Similar lighting conditions with white light were used in past work [4, 9] .
Optical stimuli
A two-channel optical system was used to present the visual stimuli [10] . One channel presented monochromatic light, while the other presented a broadband (white) background light. The monochromatic light channel used a 150-W xenon arc lamp as its light source (Spectral Energy, Westwood, NJ, Model LH 150). The light was collimated, passed through a water bath, and then focused onto an optical shutter (Uniblitz, Rochester, NY, Model LS6ZM2) controlled by the laboratory computer. Once the light beam had passed through the shutter, it was collimated and then passed through a series of interference and neutral density filters, which were used to control stimulus wavelength and irradiance. The light beam passed through a polka-dot beam splitter (Oriel, Stratford, CT, Model 38106) and was focused onto a 5-mm-diameter liquid light guide (Oriel, Stratford, CT, Model 77556). Interference filters with a half-bandwidth of 10 nm, ranging from 320 to 640 nm were used to control stimulus wavelength (Oriel, Stratford, CT, Model 54161 and Andover, Salem, NH, Model FS10-50). Quartz neutral density filters were used to control stimulus irradiance.
The background stimulus used a 250-W tungsten-halogen bulb (Oriel, Stratford, CT, Model 6334) as its light source. The light was collimated and then passed through neutral density filters to control stimulus irradiance. The background irradiance was 5 lW/cm 2 ; this background light has been found to isolate the photopic system by suppressing rod contributions in both adult [10] and larval [9] zebrafish. The light was then projected onto the polka-dot beam splitter that combined the two light sources and then focused onto one end of the liquid light guide; the other end of the guide was placed in front of the subject's eye.
Recording apparatus
ERG and reference electrodes consisted of glass pipettes with a tip diameter of about 10 lm. A 36-gauge chlorided silver wire was suspended in a teleost saline (Ringer's) solution inside the pipette [9] . The electrical signals of the recording and the reference electrodes were differentially amplified via an AC amplifier (Grass Instrument Co., W. Warwick, RI, Model P55) with a bandpass of 1-300 Hz. The amplified signal was displayed on an oscilloscope, and recorded by the laboratory computer at a rate of 1 kHz. These methods have been used in past work [see 4, 9] .
Data collection procedures
Larvae were reared in one of seven different light conditions: normal cyclic white light (LD; 14 h light/10 h dark), constant blue light (BB; 24 h blue light), cyclic blue light (BD; 14 h blue light/ 10 h dark), constant green light (GG; 24 h green light), cyclic green light (GD; 14 h green light/ 10 h dark), constant orange light (OO; 24 h orange light), and cyclic orange light (OD; 14 h orange light/10 h dark). The larvae were raised in their designated rearing environments for at least 6 days following fertilization. Subjects were tested between 6 and 10 dpf and were only exposed to the designated light-rearing condition prior to testing. This age range had been used in previous physiological studies [4] using abnormal white-light rearing.
During testing, a subject was removed from the experimental lighting environment and anesthetized with a 0.01% dose of tricaine methanesulfonate (MS-222). The subject was then placed onto a piece of tissue positioned on a cotton pad moistened with an anesthetic solution (MS-222). The reference electrode was placed on the body and the recording electrode was placed on the subject's right eye. After the electrodes were positioned, the liquid light guide was placed in front of the right eye. The broadband background was then turned on and the animal was allowed to adapt to the background for at least ten minutes. This assured that the fish was light-adapted before testing began. Stimulus irradiance at a particular wavelength began below threshold and was increased in 0.5 log unit steps until response saturation.
A trial consisted of a 50-ms baseline period, a 500-ms stimulus presentation, followed by a 500-ms poststimulus period. The ERG waveform was subjected to a digital filter designed to minimize 60 Hz noise. Each trial was repeated 10 times and the responses were averaged to produce one waveform. To avoid chromatic adaptation by any one cone type, wavelength presentation was staggered in 40-nm steps. Thus, the final data set for each subject included responses to stimuli from 320 to 640 nm in 20 nm steps [9, 10] .
Analysis of the data consisted of comparing the spectral sensitivity functions across the various light-rearing conditions. Spectral sensitivity functions were calculated for the ERG a-, b-and d-wave components to stimuli ranging from 320 to 640 nm, when the components were apparent. The a-wave amplitude was measured from the baseline response to the first negative peak. The b-wave amplitude was defined from either the baseline response or the initial voltage-positive response following the a-wave to the largest voltage-positive value during stimulus presentation. The d-wave amplitude was defined from the baseline response to the largest voltage-positive value following stimulus termination. To determine the subject's sensitivity to each stimulus wavelength, log stimulus irradiance versus log peak response amplitudes were derived. Using linear regression, the reciprocal of the log stimulus irradiance (quanta/s/cm 2 ) that produced a criterion response was derived [10] . The criterion responses were )20 lV for the a-wave, and +20 lV for the b-and d-waves.
After calculating spectral sensitivity, quantitative assessment of the cone contributions to each spectral sensitivity function was performed. This was accomplished by using a multiple mechanism model that takes the form:
In this model, S k represents the sensitivity at wavelength k, A ik represents the sensitivity of cone type i at wavelength k, and k i are the weights assigned to the cone inputs. Cone spectra templates were generated by normalized photocurrent data from the giant Danio, Danio aequipinnatus [11] to the peak wavelengths of zebrafish cone photopigments (362, 415, 480 and 570 nm; U-, S-, M-, and L-cones, respectively) obtained from microspectrophotometric data [12] . Nonlinear regression analysis was used to find the best least-squares fit of the model to the data [13] . The multiple mechanism analysis has been used to assess the cone contributions to the ERG components of both adult [10, 14] and larval [4, 9] zebrafish. Previous work has shown that the best fitting model for the larval zebrafish data required four nonopponent (U, S, M, and L) mechanisms [4, 9] .
Results
Control group
Figure 2 shows sample ERG waveforms from an 8-dpf larvae reared in normal cyclic white light (LD). Figure 2a is the averaged response to a 400-nm stimulus with a log irradiance of 12.9 log quanta/s/cm 2 ; Figure 2b is the averaged response to a 500-nm stimulus, with a log stimulus irradiance of 14.0 log quanta/s/cm 2 . The raised horizontal bar along the abscissa depicts stimulus onset and termination. The b-wave component, the initial voltage-positive response following stimulus onset, was clearly identifiable, and similar in response amplitude to both the 400-and 500-nm stimuli. The d-wave component, the voltage-positive response following stimulus termination, was much less apparent to the response to a 400-nm stimulus than it was in the response to a 500-nm stimulus; thus, the d-wave component of the ERG appeared to be more prominent when the stimuli consisted of longer wavelengths. The a-wave component, which is the initial voltage-negative response at stimulus onset, was more prominent in response to ultravioletand short-wavelength stimuli ( Figure 2a ) than to middle-and long-wavelength stimuli ( Figure 2b) . Overall, the ERG waveforms of this group were very similar to the waveforms of light-adapted larval zebrafish from previous work [9] .
The average spectral sensitivity functions of the ERG b-wave (closed circles) and the d-wave (open circles) components of the 6-10 dpf larvae from the LD group are shown in Figure 3 . In this figure, as well as all of the following spectral sensitivity function figures, the symbols represent the data, the lines represent the results of the multiple-mechanism model, and the error bars indicate ±1 standard error of the mean (SEM). The letters indicate the contribution of the cone mechanisms based on the best fit multiple mechanism model.
The spectral sensitivity function of the b-wave component of the ERG of the LD group was dominated by U-cone contributions, indicating that this group was most sensitive to ultraviolet stimuli. Sensitivity to short-wavelength stimuli was substantially less than sensitivity to ultraviolet, and even less to middle-and long-wavelength stimuli. There were no other peaks in the function other than at the ultraviolet region of the spectrum. In addition, there were no notches in sensitivity indicating any opponent mechanisms as is the case in the ERG b-wave response of adult zebrafish [10] .
The spectral sensitivity function of the ERG d-wave component illustrates that the d-wave component was not sensitive to ultraviolet stimuli. However, the function was extremely similar to the b-wave function at the middle-and longwavelength portions of the function. The d-wave function was best modeled with only two mechanisms (indicated by letters with asterisks). One mechanism received excitatory contributions from both the S-and M-cones (S + M*), and the other received an excitatory contribution solely from the L-cones (L*).
Constant spectrally reared groups
Sample ERG waveforms from a 6 to 10 dpf larvae from the constant blue-reared (BB) group are shown in Figure 4 . Figure 4a illustrates the averaged response of an individual subject reared in the BB condition to a stimulus of the same wavelength (400 nm) and irradiance as the one presented to the control larvae in Figure 2a . The amplitude of the b-wave component of the subject reared in the BB condition was not as large as the response of the control subjects. It also can be seen in the response of this individual subject that, unlike in the control subject's response, there was a stronger d-wave component apparent at stimulus termination in the response of larvae reared in the BB condition. However, this was not always the case for all subjects in the BB group. Some of the larvae in this group possessed a d-wave component while others did not. There did not appear to be any consistent pattern in this group (and the other constant spectrally reared subjects) regarding the presence of the d-wave component. Figure 4b is the averaged response of a subject reared in the BB condition to a stimulus of the same wavelength (500 nm) and irradiance as the one presented to the control larvae in Figure 2b . The response of the larvae reared in the BB condition to a 500 nm stimulus was very similar to the response of the control larvae. The waveforms from larvae from the other constant spectrally reared groups (constant green-reared and constant orangereared, GG and OO, respectively) were very similar to the responses of the BB group, including the inconsistency of the presence of the d-wave component, and therefore were not shown. Figure 5 compares the average spectral sensitivity functions of the b-wave component of the BB (closed triangles), GG (closed squares), OO (closed diamonds), and the LD group (closed circles). The symbols represent the averaged data and the lines represent the best-fit model to the data. The letters indicate the cone contributions to the functions. The most apparent characteristic of the functions of the constant spectrally reared groups was the decline in sensitivity to ultraviolet stimuli compared to the sensitivity based on the function of the LD group. It also should be noted that the cone contributions, based on the cone modeling, were very similar across the groups. All of the functions could best be described as possessing four (U, S, M, and L) nonopponent cone contributions. The only difference in the cone modeling results was that the U-cone weight was less for the constant spectrally reared group functions compared to the control group value. The spectral sensitivity functions of the d-wave component of the ERG were not shown for any of the constant spectrally reared groups because the appearance of the d-wave in the ERG responses of these groups was very inconsistent.
To statistically compare the spectral sensitivity functions across the various groups, a 4 (control and constant spectrally reared conditions -BB, GG, and OO) · 17 (wavelength) mixed design analysis of variance (ANOVA) was computed. It should be noted that in this and all other ANOVAs, missing sensitivity values were replaced with interpolated values between adjacent wavelengths. The ANOVA indicated a statistically significant within-subjects main effect of wavelength, F(16, 512) ¼ 87.64, p < 0.001, as well as a statistically significant interaction between wavelength and group, F(48, 512) ¼ 3.44, p < 0.001. There was also a statistically significant between-subjects effect of group, F(3, 32) ¼ 5.54, p < 0.01. Tukey's HSD post-hoc tests on the group by wavelength interaction revealed that the significant interaction was due primarily to sensitivity differences at ultraviolet wavelengths between the constant spectrally reared groups and the control group. The sensitivities of both the BB and OO groups were significantly lower than the sensitivity of the LD group at all stimuli between 320 and 400 nm (p < 0.05). The sensitivities of the GG and LD groups to 380 nm were not significantly different. However, all other responses between 320 and 400 nm of the GG and LD group were either significantly different or approaching significance (p < 0.055). The sensitivities of the constant spectrally reared groups to stimuli above 400 nm were not significantly different from the sensitivity of the LD group with the exception of sensitivity differences at 480 and 640 nm.
Cyclic spectrally reared groups
Shown in Figure 6 are sample waveforms from three 6 to 10 dpf larvae that were reared in one of the three cyclic spectrally reared groups. Response (microvolts) Figure 4 . Sample ERG waveforms of a larval zebrafish from the BB group. (a) The stimulus wavelength was 400 nm and had a log irradiance of 12.9 log quanta/s/cm 2 . (b) The stimulus wavelength was 500 nm and had a log irradiance of 14.0 log quanta/s/ cm 2 . Other details as in Figure 2 . Figure 6c and f are the averaged responses of a subject from the cyclic orange-reared (OD) group to stimuli of 360 and 560 nm, respectively. As can be seen in Figure 6b and c, there was virtually no b-wave component in the ERG responses to a 360-nm stimulus from larvae from either the GD or OD groups. In fact, b-waves did not consistently appear in the ERG responses until stimulus wavelengths above 420 nm in the GD group, and 440 nm in the OD group. Interestingly, a-waves were apparent in these groups in response to stimulus wavelengths from ultraviolet wavelengths to 420 nm in the GD group, and to 500 nm in the OD group. These two groups were the only groups in which a-waves were apparent, and thus the only groups in which the a-wave component could be analyzed. In addition, as was the case of the ERG response of the constant spectrally reared groups, the d-wave was very inconsistent across subjects and could not be analyzed.
The spectral sensitivity functions of the cyclic spectrally reared groups are shown in Figure 7 . Since there appeared to be differences in the ERG waveforms across these groups, the spectral sensitivity functions were compared to the spectral sensitivity functions of the control group separately (Figure 7a-c) , and then compared together (Figure 7d ). In addition, the functions based on the ERG a-and b-waves of the particular cyclic spectrally reared groups are depicted in the individual panels where both response components could be analyzed. The cone modeling results on the cyclic spectrally reared groups revealed that all of these groups could be best fit with a model with four nonopponent cone contributions (U, S, M, and L).
The b-wave spectral sensitivity functions of both the BD group (open squares) and the LD group (closed circles) are shown in Figure 7a . The most striking aspect of these two functions was their similarity. Except for slight differences between sensitivities to middle-and long-wavelength stimuli, the two functions practically overlapped each other. Figure 7c shows the b-wave spectral sensitivity functions of both the GD group (open triangles) and the LD group (closed circles). The a-wave spectral sensitivity function of the GD group is shown in this figure as well (open squares). There were no b-waves in the responses to stimuli shorter than 420 nm, which is why the b-wave spectral sensitivity function starts at 420 nm. This is further illustrated in the figure by the five open triangle symbols located at the bottom of the ordinate. The b-wave function was very similar to that of the LD group, when comparing the two functions between 420 and 640 nm. The a-wave was apparent at shorter wavelengths in the GD group, and the spectral sensitivity of the a-wave of this group was very similar to that of the bwave of the LD group. In fact, the a-wave function combined with the b-wave function of the GD group formed a function that was very similar to the b-wave function of the LD group. The b-wave spectral sensitivity of both the OD group (open diamonds) and the LD group (closed circles) are shown in Figure 7b . As in the GD group, the a-wave spectral sensitivity function of the OD group (open squares) is shown in this function as well. Like the GD group, there were no apparent b-wave responses below 440 nm for the OD group (indicated by the open diamond symbols located at the bottom of the ordinate), and the a-wave was apparent at shorter wavelengths. Again, if both the a-wave function and b-wave function were combined, they would form a function that was very similar to the b-wave function of the LD group.
All of the b-wave spectral sensitivity functions of the cyclic spectrally restricted lighting groups are shown together in Figure 7d for comparison. The most interesting aspects of this figure were the absences of any data below 420 nm for both the GD and OD groups, and the striking resemblance of the BD function to that of the LD group. Due to the lack of GD and OD b-waves at the shorter wavelengths, it was necessary to conduct two separate ANOVAs for the cyclic spectrally reared groups. A 2 (control and the BD group) · 17 (wavelength) mixed design ANOVA was done to compare differences between the BD group and the control group. There was a significant within-subjects main effect of wavelength, F(16, 176) ¼ 38.45, p < 0.001. There was not, however, a statistically significant within-subjects interaction between wave- Figure 6a -c, the stimulus wavelength was 360 nm and the log irradiance was 13.4 log quanta/s/cm 2 ; in Figure 6d -f, the stimulus wavelength was 560 nm and the log irradiance was 14.8 log quanta/ s/cm 2 . Other details as in Figure 2 . length and group, nor was there a statistically significant between-subjects effect of group, indicating that the spectral sensitivities of the BD and LD groups were not significantly different from one another. The significant main effect of wavelength merely indicates that there were differences in sensitivity across stimulus wavelength for both groups.
A 3 (control, GD group, and OD group) · 11 (wavelength; 440-640 nm) mixed design ANOVA was done to compare differences among the bwave responses of the GD, OD, and control groups. There was a significant within-subjects main effect of wavelength, F(10, 176) ¼ 15.02, p < 0.01. There was not, however, a statistically significant within-subjects interaction between wavelength and group, nor was there a statistically significant between-subjects effect of group. Again, the significant main effect of wavelength merely indicates that there were sensitivity differences across stimulus wavelength for the three groups.
Because the a-waves of the GD and OD groups were apparent, the spectral sensitivity functions of the a-waves of these groups were statistically compared with the b-wave function of the control group by using a 3 (control b-wave, GD a-wave, and OD a-wave) · 7 (wavelength; 320-440 nm) mixed design ANO-VA. There was a statistically significant withinsubjects main effect of wavelength, F(6, 120) ¼ 16.91, p < 0.01. There was not, however, a statistically significant within-subjects interaction between wavelength and group. A statistically significant between-subjects effect of group was found, although the Tukey's HSD post-hoc test revealed that this was due to differences between the a-wave functions of these cyclic spectrally-reared groups, and not between the awave functions of the experimental groups and the b-wave function of the control group. It appears that the a-wave spectral sensitivity functions of the GD and OD were not signifi- cantly different than the b-wave function of the LD group.
Discussion
The objective of the present study was to discover how restricted spectral rearing affects retinal development, and what type of lighting environment is necessary for proper retinal development. This was accomplished by comparing the spectral sensitivity functions based on the various ERG components of zebrafish larvae raised in restricted spectral lighting conditions. It was expected that constant spectral rearing would cause deficits in sensitivity to the ultraviolet portion of the spectrum, and that cyclic spectral rearing would cause little or no differences in sensitivity to the portion of the spectrum in which the larvae were reared. These hypotheses were based on previous work on abnormal light rearing done by Saszik and Bilotta [4] , which showed that constant white light or dark rearing would cause deficits in visual sensitivity, particularly in the ultraviolet portion of the spectrum, and that these deficits would be larger in larvae reared in constant light than those reared in constant dark.
Control group
The spectral sensitivity function based on the b-wave response of the LD group was similar to the functions of normal larvae in previous studies [4, 9] , even though the previous studies used a shorter stimulus duration (200 ms) than the present study (500 ms). The most noticeable aspect of the spectral sensitivity function of the LD group is the high sensitivity to ultraviolet stimuli. The high sensitivity of larval zebrafish to ultraviolet wavelengths is most likely due to the fact that the short-single cone type, which contains the ultraviolet-sensitive photopigment, appears to reach anatomical maturity first among the cone types [15] . One possible reason for the predominant sensitivity of this cone type is that zebrafish may rely more heavily on ultraviolet stimuli than on other stimuli for feeding since their visual acuity is rather low [3] . This is supported by past research that found that small zooplanktivorous fishes that possess an ultraviolet photoreceptor, such as juvenile trout, rely on ultraviolet light for prey search and detection [16] . Sensitivity of zebrafish larvae to short-, middle-, and long-wavelength stimuli is less than to ultravioletwavelength stimuli, suggesting that stimuli that fall in this range are perhaps not as important to the survival of young zebrafish. Another interesting aspect of the LD spectral sensitivity function is the absence of 'notches', indicating the lack of opponent mechanisms that are necessary for color vision. Apparently, larval zebrafish do not need color vision for survival, and at this stage in their development, it is primarily ultraviolet light that is needed for survival.
The appearance of the ERG d-wave component at only middle to long wavelengths found here replicates results by Saszik et al. [9] . However, in the previous study, spectral sensitivity analysis of the d-wave was not conducted because the shorter stimulus duration (200 ms) caused the d-wave to be somewhat hidden by the b-wave. In the present study, spectral sensitivity analysis of the d-wave was possible because of the lengthening of the stimulus duration to 500 ms. It was found that the d-wave spectral sensitivity function received contributions from S-, M-, and L-cones; these contributions were of the form of one cone mechanism that received excitatory contributions from both the S-and Mcones (S + M), and another that received excitatory contributions solely from the L-cones (L). The differences in the spectral sensitivity functions of the b-and d-wave ERG components support the findings across a variety of species that the ON-and OFF-pathways receive different cone contributions and that the two pathways may process spectral information differently [17] [18] [19] .
Constant spectrally reared groups
The ERG waveforms of the BB, GG, and OO groups were very similar to those of the control group. The only noticeable differences were the reduction in b-wave response amplitude to ultraviolet stimuli and the inconsistency of the appearance of the d-wave. Constant spectral rearing appears to reduce the b-wave amplitude to the shorter wavelengths, particularly to ultraviolet light. This was found in all constant spec-trally reared groups, independent of the portion of the spectrum of light they were reared in, indicating that constant light-rearing causes deficits in sensitivity to ultraviolet light but not to light of other wavelengths.
These findings are even more apparent when comparing the spectral sensitivity functions of the BB, GG, and OO groups to that of the LD group. There were two important findings based on the comparison of the spectral sensitivity functions across the groups. One is the reduction in sensitivity to ultraviolet stimuli in the constant spectrally reared groups, and the other is the similarity in sensitivity of all of these groups to short-, middle-, and long-wavelength stimuli. These findings suggest that constant light-rearing, no matter what type, only affects zebrafish retinal neurons dedicated to sensing ultraviolet light. This finding is supported by Saszik and Bilotta [4] , in which they found that constant white light reduced spectral sensitivity, especially sensitivity to ultraviolet light. As it turns out, it would not have mattered what portion of spectrum the past study had used for the constant light-rearing.
It is clear why constant blue-light rearing would reduce the sensitivity to ultraviolet wavelengths. Since the wavelengths generated by the blue LED would stimulate the U-cones, constant stimulation of the U-cone mechanism would disrupt retinal development. On the other hand, understanding why constant exposure to the green and orange LED lights, in which the Ucones are relatively insensitive to, would disrupt the sensitivity of the U-cone mechanism is not as obvious. The explanation may come from the previous work in which zebrafish larvae were reared in constant darkness [4] . The previous study found that exposure to constant darkness during development also reduced sensitivity to ultraviolet wavelengths. Thus, the reduction in sensitivity of the GG and OO groups to ultraviolet wavelengths may be due to the results of being reared in constant darkness. The fact that BB, GG, and OO spectral sensitivities are similar also suggests that the U-cone mechanism does not develop independently of the environment and that U-cone mechanism development is dependent upon the light-rearing condition. This was not the case for the M-and L-cone mechanisms, since they appear to be unaffected by constant light environment.
Cyclic spectrally reared groups
Unlike the results from the constant spectrally reared conditions, the ERG waveforms of the BD, GD, and OD groups were different from one another. The BD group had waveforms that were nearly identical to those of the LD group, suggesting that the light environment that is necessary for proper development of sensitivity to ultraviolet stimuli must contain cyclic shortwavelength light. The waveforms of this group suggest that all retinal neurons that contribute to the ERG b-wave response are present and functional. The GD and OD groups had waveforms that were extremely different -but only in responses to ultraviolet-and short-wavelength stimuli.
There were substantial differences among the spectral sensitivity functions of the b-wave component of the cyclic spectrally reared groups. While the sensitivity of the BD group was nearly identical to the LD group across the spectrum, the other two groups (GD and OD) were not similar in sensitivity to the LD group in the ultraviolet-to short-wavelength portion of the spectrum. The GD and OD functions differed from the LD function in the complete lack of an ERG b-wave component to ultraviolet-wavelength stimuli and a decline in sensitivity to short-wavelength stimuli. In contrast, sensitivity of the b-wave proved to be nearly identical in all the cyclic spectrally reared groups to middle-and long-wavelength stimuli, just as was found in the constant spectrally reared groups.
These results suggest that for proper retinal development to occur, cyclic short-wavelength light must be present in the environment of the zebrafish larvae. In addition, the lighting environment does not appear to play a role in the development of the portions of the retina that respond to middle-and long-wavelength stimuli (M-and L-cones).
The a-wave spectral sensitivity function provided a means in which to assess the possible contributions of the photoreceptors to the ERG response. The GD and OD groups were the only groups for which this type of analysis could be conducted because they were the only groups in which the a-wave appeared. The reason the awave appeared in these groups was due to the absence of the b-wave; under normal conditions the ERG a-wave is partially hidden in the b-wave component. Remarkably, the sensitivity to ultraviolet-and short-wavelength stimuli of the awave of the GD and OD groups appeared to be nearly identical of that of the b-wave of the LD group. The appearance and similarity of the awave sensitivity to b-wave sensitivity of normal subjects suggests that perhaps photoreceptor development (U-and S-cones) was not disrupted in these groups. The deficits found in the ERG b-wave component must be due to the disruption of normal development of secondary or tertiary level retinal neurons. Perhaps the improper development that takes place in the GD and OD groups is due to the lack of maturation of synaptic connections between secondary retinal neurons and photoreceptors. It is this ''fine-tuning'' that appears to be necessary for proper retinal functioning, since in the development of normally reared zebrafish larvae, all of the retinal neurons are present [15] long before the spectral sensitivity function of the larvae is similar to that of the adult [9] . This delay in physiological maturation suggests that it is the development of synaptic connections that is still at an immature level. A recent study has demonstrated that the lighting environment can modify the characteristics of the oscillatory potentials of the mouse ERG, which are believed to be generated by inner retinal neurons [20] .
The findings that cyclic spectral rearing, regardless of the portion of the spectrum exposed to, had little effect on sensitivity to middle-and long-wavelength stimuli is consistent with the finding from the constant spectrally-reared groups, and consistent with the notion that the M-and L-cone contributions to the cone mechanisms are unaffected by the lighting environment.
Conclusions
The results of this study suggest that zebrafish sensitivity to ultraviolet-and short-wavelength light is most vulnerable to restricted lighting environments, and that for the proper development of spectral sensitivity to take place, cyclic light containing short-wavelength light is necessary. This finding is supported by past studies that have looked at the effects of the lighting environment on visual function. For example, Harwerth and Sperling [2] exposed adolescent rhesus monkeys to intense short-, middle-, or long-wavelength light for 1-2 h a day for 6-10 consecutive days and found that the only light that caused permanent reduction in sensitivity was short-wavelength light. Other studies have found that short-wavelength light over-exposure causes more damage than exposure to longer wavelength light. In fact, the 'blue light hazard' has been demonstrated across a wide range of species [see 21]. Exactly why short-wavelength light causes more damage than exposure to other parts of the spectrum is not exactly understood. One possible reason is that S-cones (and in the case with the zebrafish, the U-cones as well) are more fragile anatomically than are the other cone types. However, it is unlikely to be the case in this study since there is little anatomical evidence that zebrafish photoreceptors are damaged under these constant light conditions [5, 6] . In addition, even though there are clear deficits in b-wave sensitivity to ultraviolet-and short-wavelength light following abnormal light rearing, the cone photoreceptors must still be functioning since a-wave sensitivity (in the absence of the b-wave) appears to possess contributions of the U-and S-cones.
A more likely explanation comes from work that demonstrates that fish reared under monochromatic lighting conditions possess very subtle anatomical deficits, particularly at the level of horizontal cell spinule formation. Kroger and Wagner [22] reared young Blue acaras (Aequidens pulcher) in either 'red', 'green' or 'blue' monochromatic cyclic light for 1 year. They found that rearing these fish in these restricted rearing conditions produced deficits in the development of spinule formation of the horizontal cells. Interestingly, they found that although all of the monochromatic conditions produced deficits in spinule formation, rearing under 'blue' monochromatic light yielded the most severe deficits, including fewer spinules per synaptic ribbon and more incomplete spinule formation. Kroger and Wagner also found that placing the spectrally reared fish into normal white cyclic light allowed the fish to recover from the deficits of the restricted rearing. The fact that fish can recover from the effects of abnormal light rearing by placing them back into normal conditions have been shown in previous physiological work from our laboratory [4, 23] .
The results of the present study also suggest that sensitivity to middle-and long-wavelength stimuli is not dependent upon the type of lighting environment present during rearing, or upon the development of U-and S-cone mechanisms. There are several possible reasons to explain why these cone mechanisms appear to be unaffected by the various lighting conditions. One possibility is that the M-and L-cones are not yet fully developed until after 12 dpf [15] , and because of that, are not yet sensitive enough to be affected by dramatic light effects. This is probably not the case since the present results show that constant rearing with orange LEDs produced deficits in U-and S-cone contributions similar to those found when reared with blue LEDs even though these cone types are much less sensitive to these longer wavelengths. In addition, previous behavioral work has shown that rearing zebrafish under normal lighting conditions from 0 to 9 dpf followed by constant light rearing from 10 to 13 dpf (when M-and L-cones appear anatomically mature) produced very slight differences in visual behavior from control subjects [3] .
Another possible reason for the fact that the environment did not affect the development of sensitivity to middle-and long-wavelength stimuli is that the development of the M-and L-cone contributions to the physiological response of the retina may be genetically predetermined and, thus, not affected by the environment. Previous work examining the development of the zebrafish cone mosaic supports this notion. Interestingly, although the physical characteristics of the shortsingle cones (U-cones) appear to develop by 4-5 dpf [15] , the presence of the red cone opsin and the initial development of the cone mosaic appears as early as 50 h postfertilization [24] ; the presence of the ultraviolet-cone opsin is the last of the cone types to appear [24, 25] . Thus, the presence of the red cone opsin, and presumably its double cone partner, the green cone opsin, provides the structural map of the retinal mosaic and the development of the short-single and long-single cones may be the result of environmental cues such as the presence of neighboring neurons and perhaps the light environment.
The fact that the M-and L-cone contributions are unaffected by restricted light-rearing may also help to explain why the anatomical differences are not as prominent as one would expect. Since the M-and L-cone contributions (double cones) to the various cone mechanisms are unaffected by the light-rearing conditions, their retinal circuitry and thus overall retinal structure would not be altered. Based on the results of this study, the only physiological deficits are contributions of the U-(short-single cones) and S-cones (long-single cones) to the ERG response. Therefore, it seems likely to expect anatomical differences due to abnormal light-rearing conditions only to those retinal circuits that are comprised of these cone inputs. Further investigation of the anatomical nature and differences among these retinal connections will shed some light on these issues. In any event, the zebrafish model offers a unique situation to examine this phenomenon since there is a one-toone correspondence between the anatomical cone types and their photopigments. Examination of the zebrafish model may provide some answers to the effects of the external environment on the development of visual processing.
It is not entirely clear why there was so much variability in the d-wave response in subjects exposed to restricted spectral rearing. In some subjects, the d-wave was completely absent, while in others, it was present. It is difficult to compare these results to previous work since there has been little effort on examining the effects of the lighting environment on the ERG d-wave response. Since most studies used a relatively short stimulus duration (e.g., 200 ms or less), the d-wave response is embedded in the b-wave response. It may be the case that the Off-pathway is more susceptible to damage than the Onpathway. This would be supported by recent work in our laboratory that has shown that the retinotectal Off-response, following optic nerve damage does not recover at the same rate as the On-response [18] .
This study proved to be valuable in that it provided a valid means of testing the effects of the lighting environment on the development of zebrafish retinal physiology, particularly the effects of restricted spectral lighting environments. It has been shown that the properties of the lighting environment do cause changes in retinal development to larvae in this age group under these lighting conditions, as was reflected in the spectral sensitivity functions and the cone modeling analyses. This study has shown that the ERG can be a useful tool in assessing deficits in visual processing due to anatomical differences that might be too subtle to detect using standard light microscopy techniques. Thus, the ERG may provide anatomical research with preliminary information pinpointing where the deficits may be found. Finally, this work has shown that environmental factors can influence the development of some systems, while having less of an impact on genetically programmed systems. Thus, visual development appears to consist of an intricate balance of predisposition and experience for normal development to occur. Further studies must be conducted before additional conclusions can be drawn regarding the relationship of the environment and genetics on retinal physiological development. Given the prominence that the zebrafish model has in the area of the genetic control of visual defects [26] , and the relative ease in which retinal responses by means of the ERG can be obtained at various developmental stages [9, 27] , the zebrafish will continue to be a valuable model in visual neuroscience.
